We present experimental and theoretical evidence for an excited-state deactivation mechanism specific to hydrogen-bonded aromatic dimers, which may account, in part, for the photostability of the Watson-Crick base pairs in DNA. Femtosecond time-resolved mass spectroscopy of 2-aminopyridine clusters reveals an excited-state lifetime of 65 T 10 picoseconds for the nearplanar hydrogen-bonded dimer, which is significantly shorter than the lifetime of either the monomer or the 3-and 4-membered nonplanar clusters. Ab initio calculations of reaction pathways and potential-energy profiles identify the mechanism of the enhanced excited-state decay of the dimer: Conical intersections connect the locally excited 1 pp* state and the electronic ground state with a 1 pp* charge-transfer state that is strongly stabilized by the transfer of a proton.
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An important property of DNA is its robustness with respect to damage by the harmful ultraviolet (UV) components Ewavelength (l) G 400 nm^of sunlight. The solar UV photons are ubiquitous and potent mutagens, which have accompanied the development of life for billions of years. The 1 pp* excited states of the DNA bases that are accessed by UV absorption lie approximately 5 eV above the ground state. The significant energy deposited in the molecule by UV radiation could initiate a variety of photochemical reactions. The available data (1) indicate that these reactive decay channels are efficiently quenched by fast radiationless decay back to the electronic ground state (termed internal conversion). These mechanisms provide DNA with a high degree of intrinsic photostability. The origin of rapid internal conversion within DNA could involve the interplay of the sugarphosphate backbone, the hydrogen bonding of the Watson-Crick (WC) base pairs, stacking interactions, and solvation. Following a reductionistic approach, we focus here on whether isolated WC base pairs show greater photostability than do individual bases.
Several groups recently used ab initio calculations (2-4) and time-resolved spectroscopy (1) to identify specific radiationlessdecay mechanisms in isolated DNA bases. However, experimental investigation of the excited-state lifetime of WC base pairs is complicated by several factors. Most importantly, the excited-state lifetimes of the monomers are already very short (1), and there exist several tautomeric forms of the isolated WC base pairs (5) . Simplified mimetic models of WC base pairs allow the investigation of some of the basic photochemical reaction mechanisms without these complexities. An extensively studied reaction is double proton transfer in the mimetic model 7-azaindole dimer (6) . Recent ab initio calculations for the guanine-cytosine (GC) base pair, however, suggest a hydrogen-atom transfer reaction involving amino groups as proton donors and ring nitrogens as proton acceptors (7) . Near the hydrogen-transfer minimum, a conical intersection with the electronic ground state leads to rapid internal conversion. This reaction can be studied in the model compound 2-aminopyridine (2AP) dimer, which offers the relevant hydrogen bonds and reaction pathways (8) but otherwise lacks the complexity of the pyrimidine and purine bases. Theory predicts near-planar hydrogen-bonded structures for DNA base pairs (7, 9) as well as for the 2AP dimer (8) .
We employed pump-probe ionization spectroscopy to characterize the excited-state properties of 2AP clusters (Fig. 1A) . The clusters were formed in a pulsed supersonic jet expansion of 2AP, seeded in 1 bar of helium. The size distribution E(2AP) n^o f the clusters was controlled by heating the 2AP sample to the 30-to 80-C range. Molecules and clusters were photoexcited by a femtosecond laser pump pulse at 293, 274, or 250 nm, then ionized by a delayed probe pulse at 200 or 800 nm, and finally mass-analyzed in a time-of-flight mass spectrometer. Clustering conditions were varied to obtain very narrow cluster size n (n e 2 molecules) or broad (n 0 1 to 8) cluster distributions to diagnose cluster fragmentation effects.
In the mass spectrum with broad cluster distribution (Fig. 1B) obtained by excitation with a 274-nm pulse and three-photon ionization with an 800-nm pulse, the magnitude of the ion signal was directly proportional to the number of molecules in the excited state. Measurement of a chosen ion signal as a function of the pump-probe delay thus allowed for the characterization of the *To whom correspondence should be addressed. E-mail: schultz@mbi-berlin.de excited-state population decay. The time resolution of our experiments was limited by the temporal width of the laser pulses (È120 fs). The molecule indole, with an excited-state lifetime of È17 ns (10), was introduced into the molecular beam to obtain an independent measure of the pump-probe beam overlap. The time-dependent signals for pump-probe delays 9100 ps were normalized to the indole signal.
The ion signals for 2AP and (2AP) n (n 0 2 to 4) clusters were collected using either one-photon ionization at 200 nm or threephoton ionization at 800 nm. Both techniques gave the same decay rates, although the latter (Fig. 2 ) offered a significantly better signal-to-noise ratio. The excited-state population of the isolated monomer relaxed with a lifetime of t 1 0 1.5 ns, the same value estimated from the linewidth in rotationally resolved spectra (11) . The 2AP dimer showed a reduced lifetime of t 2 0 65 ps, clearly indicating that an additional relaxation pathway exists in the doubly hydrogen-bonded system.
The excited-state decay dynamics in clusters with n Q 3 were similar to the dynamics in the isolated molecule. The absence of fast relaxation in the larger clusters is presumably due to changes in the structure of the hydrogen-bonded clusters. Structure optimizations using the Parametric Method 3 (PM3) semi-empirical method indicate that the doubly hydrogen-bonded and near-planar structure is only one of several stable structures for the 2AP trimer (Fig. 2, C1 and C2) and is completely absent in the 2AP tetramer (Fig. 2, D1 and D2). Thus, the near-planar hydrogen-bonded structure of the dimer is essential for the fast excited-state decay. A small contribution (G30%) of this 65-ps decay channel is seen also for the n 0 3 cluster, leading to a biexponential decay. The presence of different cluster isomers, some of which may contain the near-planar dimer (Fig. 3C1) , explains this bi-exponential behavior. In contrast, for yet larger clusters (n Q 4), such dimer-like substructures were not identified, and no short-time decay was observable for the tetramer and the larger clusters (12) . Within the time resolution of the present experiment (È50 fs), no faster decay component than t 2 0 65 ps could be found for any of the clusters studied.
Cluster ions can fragment if they are vibrationally excited, because of either unfavorable Franck-Condon factors in the ionization process or absorption of an additional probe photon after ionization. As a result of fragmentation, the excited-state dynamics of larger clusters are reflected in the mass channel of a smaller fragment. Fragmentation of n 9 2 clusters to the dimer explains why the signal of the dimer in Fig. 2B does not approach zero at long delay times. Similarly, fragmentation of the dimer to the monomer adds a contribution of the 65-ps channel to the signal of the monomer. To diagnose the effects of cluster fragmentation, we measured additional pump-probe spectra for narrow cluster distributions. When the proportion of clusters with n 9 2 was very small, fragmentation effects were negligible and the dimer signal indeed approached zero for long delay times within our measuring interval (Fig. 3) . With 250-nm excitation Fig. 1. (A) Schematic representation of the pump-probe cluster spectroscopy experiment. The clusters are formed in an adiabatic expansion of sample molecules and inert gas into a high-vacuum cluster source region. The skimmed cluster beam is crossed by femtosecond excitation and ionization pulses with a variable pump-probe time delay Dt between the two pulses. The photoionized clusters are mass-analyzed in a time-offlight mass spectrometer. (B) Mass spectrum for a broad cluster distribution of 2AP and (2AP) n clusters with 274-nm excitation and 800-nm ionization. Indole (I) was added for calibration purposes and gives rise to mixed indole(2AP) n-1 clusters which are marked with an asterisk. Arb., arbitrary. were fitted by the sum of two exponential decays (red line). The lifetime t 1 0 1.5 ns (green line) for the monomer corresponds to the lifetime estimated from high-resolution spectroscopy. A lifetime t 2 0 65 ps (blue line) was fitted to the measured dynamics of the n 0 2 cluster and was assigned to the nearplanar, doubly hydrogenbonded structure B1. An additional longer-lived contribution with lifetime t 1 is due to the fragmentation of larger clusters. For the trimer, a bi-exponential decay with t 1 0 1.5 ns and t 2 0 65 ps was observed. The fast (t 2 ) contribution was assigned to structure C1, which shows a doubly hydrogen-bonded geometry similar to that of the dimer. A large fraction of the population decays like the monomer with lifetime t 1 . This slow decay can be rationalized by several trimer geometries with disrupted hydrogen bonds (such as C2). The tetramer decays monoexponentially with lifetime t 1 , indicating complete absence of the fast decay channel. Correspondingly, optimized cluster geometries show ring (such as D1)-or star (such as D2)-shaped geometries, but no structure with doubly hydrogen-bonded 2AP pairs was identified.
(vibrational excess energy of È6450 cm j1 in the excited state), we saw indications of cluster fragmentation not only after ionization but also in the neutral excited-state complexes.
To obtain further information on the fast decay of the dimer, we investigated the dependence of the decay dynamics on the pump wavelength (Fig. 3) . We found nearly equal time constants at 293 nm, near the origin of the S 0 -S 1 transition, and at 250 nm, corresponding to 0.8 eV of vibrational energy in the excited state. Hence, we found no indication that the decay rate of the optically prepared excited state was governed by a barrier on the nuclear potential-energy surface.
We used ab initio methods to calculate the potential energy functions that account for the rapid internal conversion of the 2AP dimer. The corresponding reaction pathway is an electron-proton transfer in the excited state (Fig. 4) and was identified using the complete-active-space self-consistent-field (CASSCF) method, together with a perturbative treatment of dynamical electron correlation effects (8) . UV absorption efficiently populates the locally excited 1 pp* (LE) state of one monomer. Subsequent electron transfer from the highest p orbital of one monomer to the lowest p* orbital of the other leads to the charge transfer 1 pp* (CT) state. This state corresponds to a biradical structure in which each of the aromatic rings carries an unpaired p electron. The CT state is stabilized by the transfer of a proton along one of the hydrogen bonds (Fig. 4, A and B) . The strong rise of the ground-state energy along the same reaction path results in efficient relaxation from the 1 pp* (CT) state back to the ground state (S 0 ). These crossings of the 1 pp* (LE), 1 pp* (CT), and S 0 potential-energy functions (Fig. 4) indicate conical intersections (13) of the multidimensional potential-energy surfaces, which provide the mechanism for ultrafast internal conversion to the ground state in the nearplanar hydrogen-bonded dimer.
We associate the measured lifetime of t 2 0 65 ps with the predissociation of the 1 pp* (LE) state by the repulsive 1 pp* (CT) state, corresponding to the transfer of a single proton. The calculated potentialenergy curves of the cationic states (Fig. 4) show that the CT state has a low ionization potential similar to the LE state and can be ionized by the probe photons. The experimental data, however, do not show any evidence for ionization out of the CT state. Hence, the depopulation of the CT state via the 1 pp* (CT) to S 0 conical intersection proceeds quickly compared to the population of this state via the 1 pp* (LE) to 1 pp* (CT) nonadiabatic coupling; therefore, no population accumulates in the CT state.
The 65-ps decay time of the 1 pp* (LE) state is relatively slow for a process driven by a proton-transfer reaction coordinate. However, the equilibrium geometries of the 1 pp* (LE) and 1 pp* (CT) states differ in many of the other coordinates, implying that the nonadiabatic transition is slowed down by the rearrangement of these coordinates. Moreover, minimal overlap of p and p* orbitals on different monomers leads to a small coupling matrix element of the adiabatic 1 pp* (LE) and 1 pp* (CT) states. These considerations can explain the relatively long excitedstate lifetime, as well as the weak dependence of the decay rate on the excess energy in the 1 pp* (LE) state.
The mechanism depicted in Fig. 4 may be of general relevance in multiply hydrogenbonded chromophores, specifically WC base pairs. The lifetime of the 1 pp* (LE) state should sensitively depend on the relative energy of the 1 pp* (LE) and 1 pp* (CT) states in the Franck-Condon zone. Recent ab initio calculations for the WC form of the GC base pair have predicted that the vertical excitation energy of the 1 pp* (CT) state is close to the excitation energy of the 1 pp* (LE) state of the WC pair (7). This property may lead to an even faster excited-state decay than that observed for the 2AP dimer. Recent experiments on the WC form of the GC base pair in a supersonic jet have revealed an extremely broad UV absorption spectrum, indicating a sub-100-fs excited-state lifetime (14) . For other, non-WC isomers of the GC base pair, sharp spectra (corresponding to long excited-state lifetimes) were observed. These data indicate that the fast relaxation pathway is strongly dependent on the molecular structure of the clusters, similar to our observations for 2AP clusters. Direct femtosecond time-resolved studies of selected base 
ions formed by disproportionation in the jet expansion, a background spectrum has been subtracted from the displayed mass spectra. The mass spectra show no larger (n 9 2) clusters and we expect no fragmentation effects. The corresponding time-dependent ion signals show only single-exponential decay with t 2 0 75 T 10 ps at 250 nm and t 2 0 55 T 10 ps at 293 nm. m/z, mass/charge ratio. Direct atomic resolution images have been obtained that illustrate how a range of rare-earth atoms bond to the interface between the intergranular phase and the matrix grains in an advanced silicon nitride ceramic. It has been found that each rare-earth atom bonds to the interface at a different location, depending on atom size, electronic configuration, and the presence of oxygen at the interface. This is the key factor to understanding the origin of the mechanical properties in these ceramics and will enable precise tailoring in the future to critically improve the materials' performance in wide-ranging applications.
Bulk silicon nitride (Si 3 N 4 ) ceramics have been investigated extensively over the past two decades, largely because their mechanical and physical properties are relevant for many high-temperature applications, including high strength, high decomposition temperature (1900-C), good oxidation resistance, low coefficient of friction, negligible creep, good thermal shock properties, and good resistance to corrosive environments. In addition, thin silicon nitride films and coatings have been studied to understand electrical and thermal conductivity properties. All of these properties, including the processing and sintering behavior, rely on the specific crystal structure, the local chemistry, and the local bonding at the interfaces. The widespread use of these ceramics as structural components is currently limited by their brittleness, which limits reliability. Specifically, the toughness is too low and the sensitivity to flaws and cracks correspondingly too high, resulting in poor damage tolerance. Such properties can be improved by microstructural and compositional design. Indeed, the relation between microstructure, intergranular phases, and mechanical properties in ceramics is widely acknowledged (1, 2) . Silicon nitride ceramic microstructures consist of elongated matrix grains that are randomly oriented, interlocked, and interspersed with a secondary phase (3) (4) (5) (6) (7) (8) . This intergranular phase in these materials is the key microstructural element that effectively controls most of the material_s characteristics, most notably the mechanical properties, and is dependent on the local chemical composition, atomic structure, and bonding characteristics (9) (10) (11) (12) (13) .
Previous investigations have shown empirically that the material_s strength and toughness are markedly affected by the intergranular phase chemistry. An understanding of how this phase governs the macroscopic mechanical properties is limited, because the amorphous morphology of the phase and its small dimension make analysis difficult. Recent breakthroughs in scanning transmission electron microscopy (STEM) and associated chemical analysis (14) (15) (16) (17) (18) permit probing the local atomic structure and bonding characteristics with a resolution close to 1 ).
We examine the immediate interface between matrix grains and the amorphous intergranular film, extracting structural and atomic bonding information. In particular, we relate the structure of the interface to the atomic size and electronic structure of the rare-earth elements in the intergranular film. The oxides of rare-earth elements are a very common type of sintering additive in Si 3 N 4 , because it has been shown empirically that such additions improve the mechanical properties (12, 13) . We investigate the interface between the intergranular phase and the Si 3 N 4 matrix using high-angle annular darkfield STEM (HAADF-STEM) for imaging and electron-energy-loss spectroscopy (EELS) (14) for chemical analyses. Experimental EELS and incoherent high-angle ADF (Z-contrast) images (15) were obtained with a monochromated FEI Tecnai F20 STEM operating at 200 kV. The lens conditions in the microscope were defined for imaging and spectroscopy, with a probe size of 0.14 nm. The inner semi-angle of the ADF detector was chosen to be 74 mrad and 110 mrad. Images were acquired with an objective semi-angle of 13.5 mrad. These experimental conditions are enough to minimize the effects of strain fields on the Zcontrast image (16). In this experimental condition, the Z-contrast image allows the structure of the grains to be directly observed, and the image can also be used to position the electron probe for EELS (14) .
Previous investigations of these interfaces have focused on two common additives, Y 2 O 3 and La 2 O 3 (7, 8) , showing primarily that there is Y and La segregation in the intergranular phase. Furthermore, the most recent study (8) uses the HAADF-STEM imaging technique described above and firstprinciples calculations to show that there is
